Eliasson P, Andersson T, Aspenberg P. Rat Achilles tendon healing: mechanical loading and gene expression. J Appl Physiol 107: 399 -407, 2009. First published June 18, 2009 doi:10.1152/japplphysiol.91563.2008.-Injured tendons require mechanical tension for optimal healing, but it is unclear which genes are upregulated and responsible for this effect. We unloaded one Achilles tendon in rats by Botox injections in the calf muscles. The tendon was then transected and left to heal. We studied mechanical properties of the tendon calluses, as well as mRNA expression, and compared them with loaded controls. Tendon calluses were studied 3, 8, 14, and 21 days after transection. Intact tendons were studied similarly for comparison. Altogether 110 rats were used. The genes were chosen for proteins marking inflammation, growth, extracellular matrix, and tendon specificity. In intact tendons, procollagen III and tenascin-C were more expressed in loaded than unloaded tendons, but none of the other genes was affected. In healing tendons, loading status had small effects on the selected genes. However, TNF-␣ transforming growth factor-␤1, and procollagens I and III were less expressed in loaded callus tissue at day 3. At day 8 procollagens I and III, lysyl oxidase, and scleraxis had a lower expression in loaded calluses. However, by days 14 and 21, procollagen I, cartilage oligomeric matrix protein, tenascin-C, tenomodulin, and scleraxis were all more expressed in loaded calluses. In healing tendons, the transverse area was larger in loaded samples, but material properties were unaffected, or even impaired. Thus mechanical loading is important for growth of the callus but not its mechanical quality. The main effect of loading during healing might thereby be sought among growth stimulators. In the late phase of healing, tendon-specific genes (scleraxis and tenomodulin) were upregulated with loading, and the healing tissue might to some extent represent a regenerate rather than a scar.
effect of loading, in intact tendons and during healing, on the expression of different interesting genes. We selected 13 genes, related to inflammation, growth, extracellular matrix, or tendon-specific molecules. Most of these genes are believed to be influenced by mechanical loading. These genes were studied at 3, 8, 14, and 21 days after transection, time points that correspond roughly to the inflammatory phase (day 3), the proliferative phase (days 8 and 14) , and remodeling (day 21). It is generally believed that mechanical stimulation mainly affects the remodeling phase of healing. However, we have previously seen that mechanical loading, as well as pharmacological treatment, can be important also during the inflammatory phase (32, 33) . Therefore these time points are interesting. Later stages are less appropriate to study, because endochondral bone formation commonly occurs during the late remodeling stages in the healing rat Achilles tendon.
Motivation for the choice of genes. Inflammation is the first stage in the healing of collagenous tissues (24) . We chose five genes coding for proteins related to various aspects of inflammation; tumor necrosis factor (TNF)-␣, cyclooxygenase (COX)-2, inducible nitric oxide (NO) synthase (iNOS), IL-1␤, and IL-6. We believe these molecules to be important during tendon and ligament healing. TNF-␣ is upregulated in rotator cuff tears (33) and in stress-deprived intact tendons (30) . However, it is not known if TNF-␣ expression in tendon calluses is influenced by loading. COX-2 regulates prostaglandin E 2 (PGE 2 ) synthesis, and PGE 2 increases with exercise in intact tendons (17) . COX inhibition [by nonsteroidal anti-inflammatory drugs (NSAIDs)] or NOS inhibition during tendon healing have been shown to result in weaker tendons with smaller diameter (20, 32) . Both NO and PGE 2 are thereby believed to be important during healing. Cytokines regulate cellular differentiation and activity during tendon healing (9) . Two important cytokines are IL-1␤ and IL-6. IL-1␤ is upregulated during early tendon healing (1) , and the expression of IL-1␤ is increased after stress deprivation (30) . IL-1␤ also generally inhibits collagen synthesis in fibroblasts and induces matrix metalloproteinase synthesis (28) . IL-6 is a proinflammatory cytokine, which is important for tendon healing; lack of IL-6 weakens the healing tendon (18) .
Transforming growth factor (TGF)-␤1 is known to be upregulated by exercise in intact tendons (12) . It is also a potent upregulator of collagen expression and secretion, as well as an inflammatory modulator (3) .
Collagens type I and III are the main components of the extracellular matrix in tendons (24) , and with an increase in growth rate of the callus, we could expect a change in one or both of the procollagen genes.
Lysyl oxidase (LOX) initiates formation of covalent crosslinks in collagen and elastin (14) . This stabilizes these fibrous proteins (14) , and LOX may thereby have a critical role in the formation and repair of extracellular matrix. An increase in LOX might therefore influence material properties. LOX has previously been shown to increase as a response to training in intact tendons (12) .
Cartilage oligomeric matrix protein (COMP) and tenascin-C are extracellular matrix proteins expressed in tendons (5, 24) . COMP is a noncollagenous glycoprotein (5) that binds to collagens and may play a role in providing structural integrity to the extracellular matrix (29) . It has been suggested that COMP expression responds to mechanical load (26, 27) . Tenascin-C is constitutively expressed in tissues bearing high tensile stress such as tendons, ligaments, and myotendinous junctions and can also be expressed as a response to pathological conditions, e.g., wound healing and tumorigenesis (19) . Tenascin-C is known to be sensitive to mechanical loading (23) .
Tenomodulin and scleraxis are more specific for tendon than the previously mentioned genes (25) . Tenomodulin is a good phenotypic marker for tenocytes, and scleraxis positively regulates the expression of tenomodulin in cells of tendon lineage; scleraxis is an early tenocyte marker, and tenomodulin is more of a late marker for the tenocytes (25) . Tenomodulin has been suggested to play a role in tendon development and vascularization and the organization of the tendinous structure (6) .
Our research questions for this study were as follows. 1) Are there, among the chosen gene examples, any differences between normal intact tendons and recently unloaded ones? 2) How does the tendon callus differ from the intact tendon regarding mechanics and gene expression pattern? 3) Does mechanical loading influence the expression of genes related to inflammation and extracellular matrix components during tendon healing?
To study the regulation of gene expression by loading, we used a rat model for tendon healing. Healing occurred with normal voluntary loading, to compare with a situation where loading by muscle contraction was prevented by intramuscular injections of botulinum toxin A (Botox). As we studied gene expression at 4 different time points during healing, with and without loading, we also tested the mechanical properties of the tissue at the same time points.
MATERIALS AND METHODS

Animals.
One-hundred ten female Sprague-Dawley rats (Scanbur BK, Stockholm, Sweden), weighing ϳ220 g, and 67-70 days old, were used in this experiment. Half of the rats received Botox (Allergan, Irvine, CA) into the right calf muscles for unloading, and the other half remained loaded. The animals were housed two or three per cage at 21°C in a 12:12-h light-dark cycle and given food and water ad libitum. Fifty specimens were analyzed by mechanical evaluation, and 60 specimens were analyzed with real-time PCR (Table 1 ). All of these 60 specimens were analyzed for all of the genes (except those related to inflammation, where only healing tendons were analyzed), and no data were excluded or lost. This study was approved by the Regional Ethics Committee for animal experiments and adhered to the institutional guidelines for the care and treatment of laboratory animals.
Surgery. The rats to be unloaded were anesthetized with isoflurane gas (Forene, Abbot Scandinavia, Solna, Sweden), and the skin was shaved on the right hindleg. Botox was injected into the gastrocnemius lateralis and medianus and the soleus muscles at a dose of 1 U in each muscle (total dose 3 U). The total injected volume was 0.06 ml. The rats were thereafter allowed unrestricted activity for 5 days to make sure that the effect of the Botox was complete. After 5 days, 15 loaded and 15 unloaded tendons were harvested. They were either tested mechanically (n ϭ 5 in each group) or quickly rinsed in saline and snap-frozen in liquid nitrogen and stored at Ϫ80°C until RNA extraction (n ϭ 10 in each group, Table 1 ). The tendons for mechanical testing were harvested together with the calcaneal bone and parts of the gastrocnemius and soleus muscle complex, and the tendons for RNA extraction were harvested as a midportion of the tendon without any surrounding tissue.
The remaining tendons underwent transection. The rats were once more anesthetized with isoflurane gas and given antibiotics (Engemycin; Intervet, Boxmeer, Holland), and analgesics (Temgesic; Schering-Plough, Brussels, Belgium) preoperatively. The right hindleg was shaved, and the surgery was performed under aseptic conditions. A transverse incision was made in the skin lateral to the right Achilles tendon. The surrounding fascia was opened longitudinally and the Achilles tendon complex was exposed. The plantaris tendon was removed (to avoid interference during mechanical testing, and to enable that a tendon callus without mature tendon tissue could be harvested), and the Achilles tendon was cut transversely, proximal to the calcaneal insertion. A 3-mm segment of the Achilles tendon was removed, and the wound was closed. The rats were given analgesics (Temgesic; Schering-Plough) once postoperatively, and they were allowed unrestricted activity during healing. Healing tendons for mechanical evaluation were harvested after the rats were killed with CO 2 gas, 3, 8, 14, and 21 days postoperatively (n ϭ 5 in each group; Table 1 ). The tendons were dissected free from extraneous soft tissue and harvested together with the calcaneal bone and parts of the gastrocnemius and soleus muscle complex. Tendon calluses for PCR analysis were harvested under anesthesia before the rats were killed after 3, 8, 14, and 21 days postoperatively (n ϭ 5 in each group). The rats were anesthetized with isoflurane gas, and the skin above the right Achilles tendon was shaved and washed with 70% ethanol. The healing tissue was dissected free from all extraneous soft tissue under sterile conditions. A segment of the callus tissue was harvested, quickly rinsed in saline, and snap-frozen in liquid nitrogen and stored at Ϫ80°C until RNA extraction. The segment consisted entirely of newly formed callus tissue between, but not including, the transected ends of the original tendon.
Mechanical testing. Sagittal and transverse diameters were measured blinded from treatment with a slide caliper. The transverse area was calculated assuming an elliptical geometry. During tissue preparation and mounting in the materials testing machine, the tendons were kept moist using gauze with physiological solution. For clamping, the muscle was carefully scraped off the proximal tendon by blunt dissection to produce a fan of tendon fibers. These tendon fibers were attached between fine sandpaper and fixed in a metal clamp. In the other end, the calcaneal bone was fixed in a custom-made clamp, in 30°dorsiflexion, relative to the direction of traction. The distance between the clamp and the calcaneus was measured as an estimate of tendon length. The tendons were finally mounted vertically in a materials testing machine (100R, DDL, Eden Prairie, MN). The machine pulled at a constant speed of 0.1 mm/s until failure. Peak Values are no. of animals in each group; 50 tendons in total were tested mechanically, and 60 tendons were analyzed with real-time PCR. Inflammation related genes were not analyzed in intact tendons. U, unloaded; L, loaded.
force (N), stiffness (N/mm), energy uptake (N ⅐ mm), and displacement at rupture (mm) were calculated by the software of the testing machine. The investigator marked a linear portion of the elastic phase of the curve for stiffness calculation. Transverse area (mm 2 ), elastic modulus (MPa), and peak stress (MPa) were calculated afterward.
RNA extraction and real-time PCR. Extraction of total RNA was performed using the TRIspin method (22) , which is a combination of the TRIzol method and RNAeasy Total RNA Kit (Qiagen, MERCK Eurolab, Stockholm, Sweden). The frozen tendons were placed one by one in a liquid nitrogen-cooled vessel together with a liquid nitrogencooled tungsten ball and pulverized using a Retsch Mixer Mill MM 200 (Retsch, Haan, Germany). TRIzol Reagent (Life Technologies, Gibco BRL) was added to the powdered tissue, and it was left to thaw for ϳ1 h at room temperature. The samples were transferred to new tubes and incubated at room temperature for 30 min followed by storage at Ϫ80°C until further extraction.
The samples were thawed at room temperature. Chloroform was added followed by vigorous mixing for 15 s. The samples were incubated for 3-5 min and centrifuged at 12,000 rpm for 15 min at 4°C. The top aqueous layer was transferred to a new tube containing 70% ethanol, and RNA was further purified using the RNAeasy Total RNA Kit. Potential DNA contamination was eliminated by DNase (RNase-Free DNase Set, Qiagen, MERCK Eurolab, Stockholm, Sweden), and the RNA was stored at Ϫ80°C. RNA yield and integrity were analyzed with the RNA 6000 nano kit in a Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany). Cutoff level for acceptable RNA integrity number (RIN) was set at 5. One hundred nanograms total RNA was converted into cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Warrington, UK). Primers for TNF-␣, COX-2, iNOS, IL-1␤, IL-6, TGF-␤1, procollagen I, procollagen III, LOX, COMP, tenascin-C, tenomodulin, and scleraxis were bought from Applied Biosystems.
Amplification was performed in 15-l reactions using TaqMan Fast PCR MasterMix (Applied Biosystems). Each sample was analyzed in duplicate, and samples where cycle threshold (CT) values differed more than 0.5 were reanalyzed. The general range of CT values was 16 -33, depending on the gene investigated. Real-time PCR reactions were conducted using a standard curve methodology to quantitate the specific gene targets of interest. The standard curve was made with rat spleen RNA (Labinova AB, Upplands Väsby, Sweden) for the inflammation-related genes and embryonic rat RNA (Labinova AB, Upplands Väsby, Sweden) for the extracellular matrix component and tendon-specific genes. Each sample was normalized to 18S rRNA, which was stably expressed. Reactions with no RT and no template were added as negative controls.
Statistics. Mechanical data were evaluated by a two-way ANOVA, using time after transection and loading status as independent factors. For gene expression data, intact tendons and healing tendons were analyzed separately. In both cases, we tested the hypothesis that there would be differences between loaded and unloaded tendons. Intact tendons were analyzed by t-test. All gene expression values were ln-transformed. The healing tendons were analyzed with a two-way ANOVA using loading and time as independent variables. With significant ANOVA, effect of loading status at the four time points was further analyzed with separate Student's t-tests with Bonferroni's correction (presented P values have been multiplied by 4). This corrects for multiplicity of time points but not for multiplicity of genes. Correction for gene multiplicity would lead to too much loss of information, and we urge the reader to interpret P values under these exploratory premises. Expression of genes from healing tendons, which showed inhomogeneity in variance by Levene's test (IL-1, COMP, tenomodulin, scleraxis), were analyzed by nonparametric statistics. After Kruskal-Wallis test proved significant, the four time points were analyzed separately by Mann-Whitney test. Again, the presented P values from the separate tests have been multiplied by 4. Thus P values Յ 0.05 are regarded as significant. Finally we also tested the hypothesis that the intact and healing tendons differed regarding gene expression and tested this with a two-way ANOVA with loading status and type of specimen (intact or healing) as independent variables.
RESULTS
Gross appearance. At 3 days, the transected tendon stumps are clearly visible, with a red, soft, translucent, but coherent tissue between them. This tissue has a larger diameter than the original tendon. At 8 days, the appearance is similar but wider, denser and less translucent, now also surrounding the tendon stumps. This development continues, so at 21 days there is a whitish soft tissue callus, which covers the tendon stumps, which can however still be defined.
Mechanics. There were no exclusions made from the animals subjected to material testing, with a number of 5 rats in Fig. 1 . Mechanical properties in intact and healing tendons. The plots show peak force (N), transverse area (mm 2 ), and elastic modulus (MPa) at the vertical axis. The horizontal axis shows intact tendons or time (3, 8, 14 , and 21 days) after tendon transection. Gray dots are unloaded tendons, and black dots are loaded; n ϭ 5 for each group. each group. With few exceptions, the healing tendons failed through the tendon callus. At the later time points, it appeared that the original tendon stumps were pulled out of the callus, as out of a sleeve. The intact tendons failed at the bony insertion to the calcaneus.
There were no differences between loaded and unloaded intact tendons. During healing, the most dramatic effect between loaded and unloaded calluses was seen on the transverse area of the callus (P Յ 0.0001, Fig. 1 ). Already at day 8 of healing, loaded samples were bigger than unloaded. Loaded samples also continued to increase in size up to day 21. In contrast, unloaded samples decreased in transverse area from day 8. Therefore, at day 21, the transverse area of the unloaded calluses was less than one-third of the loaded calluses. The transection and removal of a segment from the tendon increased the length of the healing tendons compared with the intact tendons ( Table 2 ). There was also a significant difference between the unloaded and loaded samples, where the unloaded samples were shorter compared with loaded samples. This was evident already after day 8 (P ϭ 0.001) and sustained until day 21 (P ϭ 0.002); however, the length started to decrease in the loaded samples between days 14 and 21. Peak force was also higher in the loaded samples at day 8, and it continued to increase with time in both loaded and unloaded samples (P Յ 0.0001). Stiffness showed a similar, although less pronounced pattern (P Յ 0.0001). Even though peak force and stiffness were better in loaded samples compared with unloaded, material properties (peak stress and elastic modulus) were not better in the loaded samples. Actually, at day 21 of healing, stress and modulus were even lower in the loaded calluses. Thus loading during tendon healing increased the size of the callus and tended to increase its pliability at 21 days. The displacement at rupture was similar in both groups at day 3, but thereafter, loaded samples had a larger displacement compared with the unloaded samples (P Յ 0.0001). This difference persisted throughout healing.
A two-way ANOVA revealed that loading increased the transverse area, peak force, stiffness, and energy uptake (P Յ 0.0001 for all). All variables were also influenced by time (P Յ 0.0001 for all).
Effect of loading on gene expression in intact tendons. Procollagen III was ϳ40% more expressed in intact loaded tendons compared with unloaded (P ϭ 0.002), and tenascin-C was twice as much expressed in the loaded tendons (P ϭ 0.002, Fig. 2) . No other effects on the gene expression were seen in the intact tendons. We used 10 rats in each group of intact tendons, and inflammation-related genes were not analyzed in these tendons.
Gene expression in healing tendons compared with intact tendons. Procollagen III and tenascin-C were much more expressed (P Յ 0.0001, 0.0001) and COMP much less expressed (P Յ 0.0001) in healing tendons at all times compared Values are presented as means and SD; n ϭ5 for each group. Values for the healing tendons are presented 3, 8, 14, and 21 days after tendon transection. *Significant difference between loaded and unloaded samples, P Յ 0.01. †Significant difference between loaded and unloaded samples, P Յ 0.001. with the intact tendons (Fig. 3) . These were the most clear-cut differences between the healing tendons and normal tendons. Procollagen III and tenascin-C thus demonstrate the less mature tissue in the callus. Tenomodulin showed a lower expression during early healing and a higher expression in the late phase. Scleraxis was less expressed in the early phase but did not differ much from intact tendons in the later phase (no significant differences). Inflammation-related genes were not analyzed.
Overall effects of loading status and time on gene expression during tendon healing. Results for the healing tendons are presented in Figs. 3 and 4 . We used five rats in each group.
The two-way ANOVA could not be performed for IL-1␤, COMP, tenomodulin, and scleraxis due to inhomogeneity of variances. The other genes were all affected by time of healing, except COX-2 (P Ͻ 0.0009 for all others). Loading status affected TNF-␣ (P ϭ 0.02), TGF-␤1 (P ϭ 0.005), procollagen I (P ϭ 0.002), procollagen III (P Յ 0.0001), and LOX (P Յ 0.0001). Genes that showed signs of interaction between the two independent variables were TNF-␣, TGF-␤1, procollagen I, procollagen III, LOX, and tenascin-C. Analysis of IL-1␤, COMP, tenomodulin, and scleraxis by Kruskal-Wallis showed significant overall differences (P Յ 0.0001 for all).
Effects of loading status on gene expression at different time points during healing. After 3 days of healing, there were clear signs of inflammation with a high expression of TNF-␣, IL-1␤, and TGF-␤1 (Fig. 4) . These genes were less expressed in loaded calluses compared with the unloaded (P ϭ 0.03, 0.1, Fig. 3 . Gene expression for extracellular matrix and tendon-specific genes in intact tendons and healing tendons with or without loading. Vertical axis shows the relative ratio of the gene to the housekeeping gene (18S rRNA). Horizontal axis shows intact tendons and time (days) after tendon transection (3, 8, 14 , and 21 days). Gray dots are unloaded tendons, and black dots are loaded; n ϭ 10 for each group with intact tendons, and n ϭ 5 for each group with healing tendons. 0.004, respectively; Table 3 ). Also, procollagens I and III were less expressed in the loaded samples (P ϭ 0.03, 0.05, respectively). None of the other genes showed any differences between loaded and unloaded samples at this time point.
At 8 days, the expression of TNF-␣, IL-1␤, and TGF-␤1 had decreased from day 3 but still appeared to be, to some degree, less expressed in the loaded samples, although this was no longer statistically significant (Fig. 4) . Procollagen I, procollagen III, LOX, tenascin-C, and scleraxis were highly expressed in both loaded and unloaded calluses, suggesting that early matrix production had started (Fig. 3) . All these genes, except tenascin-C, showed lower expression in the loaded samples (P ϭ 0.004, 0.002, 0.004, 0.2, 0.04, respectively; Table 3 ).
At 14 days of healing, the expression of the previously high TNF-␣, IL-1␤, and TGF-␤1 was now low and showed no difference between loaded and unloaded calluses (Fig. 4) Procollagen I, COMP, tenomodulin, and scleraxis expression had increased from day 8, in the loaded samples, and procollagen I and scleraxis were now more expressed in the loaded calluses (P ϭ 0.06, 0.04, respectively; Fig. 3, Table 3 ).
At 21 days of healing, the expression of procollagen I, COMP, tenomodulin, and scleraxis had all increased further in the loaded calluses. They were all more expressed in the loaded samples compared with the unloaded (P ϭ 0.002, 0.06, 0.06, 0.04, respectively; Table 3 ). Also tenascin-C was more expressed in the loaded calluses compared with the unloaded (P ϭ 0.05). This suggests that loading stimulates the formation of a more tendonlike structure (notably more pliable).
The expression of COX-2 and IL-6 showed less clear patterns, with large variations (Fig. 4) . COX-2 tended to increase over time of healing and IL-6 to decrease. iNOS did also not show any differences between loaded and unloaded samples.
DISCUSSION
We first asked ourselves if there were differences between loaded and recently unloaded intact tendons among the chosen genes, and the answer was that these were few and small. However, the lower expression of procollagen III and tenascin-C in the unloaded tendons could indicate that the properties of the extracellular matrix were starting to deteriorate. Second, we asked about differences between intact and healing tissue. Mechanically, the most clear-cut differences were that the intact tendons were stiffer and had a smaller transverse area. Peak stress and elastic modulus (material properties) of the callus tissue were much lower than in the intact tendons and did not improve much over time of healing. The gene expression also differed between healing and intact tendons, with a lower expression of procollagen III and tenascin-C and a higher expression of COMP in the intact tendons, demonstrating the relation of these genes to mature tendon tissue. Third, about the effect of loading on tendon healing, we found that it seemed to suppress genes related to inflammation and extracellular matrix components during the early phases. Later during healing, loading was instead related to a higher expression of extracellular matrix-related and tendon-specific genes, perhaps suggesting that the tissue was to some extent undergoing transformation from scar to tendon regenerate.
In intact tendons, unloading was only instituted for a few days. Considering the low metabolic rate, and previous data with Botox unloading of intact rat Achilles tendons (8) , no mechanical changes were expected. There were also few changes in the expression of matrix-related genes. However, loaded tendons had a higher expression of procollagen III and tenascin-C. Tenascin-C is an elastic protein (13) , and the fact that it is more expressed in loaded tendons could indicate that loading induces the formation of a more elastic extracellular matrix in the tendon. Tenascin-C is also believed to be important for proper alignment and organization of the collagen fibers (13) and to influence proliferation of fibroblasts (4) . It has been suggested that the load-induced expression of tenascin-C in intact tendons is controlled by TGF-␤1 (13) . However, as we saw an effect of unloading on tenascin-C, but no effect on TGF-␤1, our data suggest that loading regulates the expression of tenascin-C through other pathways.
Callus specimens from early healing differed a lot from the intact tendons, with a generally lower gene expression for extracellular matrix molecules and tendon-specific proteins, regardless of loading status. At the late phase of healing, gene expression tended to show more similarity to intact tendons but still differed in many ways. COMP expression was much lower in callus tissue, and the expression of procollagen III, tenascin-C, and tenomodulin was higher compared with the intact tendon. The dramatic difference between intact tendons and tendon callus was also seen in our previous study of growth and differentiation factor (GDF) expression patterns (7) .
Most emphasis in this study was focused on tendon healing. As expected, inflammation was highest at day 3 during healing. Interestingly, loaded samples had a lower expression of some inflammation-related genes than unloaded samples at that time. It is a general clinical experience that freshly wounded tissues should be immobilized. According to our data, this would increase, rather than decrease, the expression of some inflammatory mediators. Although counterintuitive, this appears consistent, considering that early inflammation might stimulate rather than impair healing. Moreover, loaded samples at day 3 also had a lower expression of collagens I and III than unloaded ones, emphasizing, again, the value of mechanical protection in the early phase. How loading affects inflammation during tendon healing is not entirely clear from the literature. With early voluntary exercise, more ED1 ϩ and ED2 ϩ macrophages were found in tendons after 3 and 7 days of healing (11) . However, in intact patellar tendons, stress deprivation induces an overexpression of TNF-␣, IL-1␤, and TGF-␤1 (30) . Our results on IL-1␤ expression correlate well with a previous study on partially unloaded rotator cuff with a high expression in the beginning of healing and a decrease thereafter (16) . That study, however, showed the highest expression of IL-1␤ at day 1. We studied gene expression after 3 days of healing, and it is difficult to study earlier time points in our model. At day 1, the contents of the tendon defect would mainly be a hematoma.
At day 8, the pattern was more complex. The loaded calluses were already bigger than the unloaded ones, with a tendency to higher maximum stress and elastic modulus. Still, both procollagens and the other matrix-related genes were less expressed in the loaded samples. This implies that, although the average matrix production per cell may be decreased, the loaded tissue must have contained a larger total cell number (per animal) to produce not only more but also a slightly stronger matrix. It therefore appears that loading already at this time point had exerted a profound effect on growth regulatory genes.
We had expected loading to upregulate matrix-related and tendon-specific genes in the tendon callus. First at the later time points, 14 and 21 days, did we see this effect. However, this did not lead to an increased modulus of elasticity. On the contrary, maximum stress and modulus were lower in loaded samples than in unloaded, and even tended to decrease from day 14, suggesting that some of the upregulated genes may be involved in improving tissue pliability, rather than making the matrix stronger and stiffer. Pliability is important for increasing the energy absorption capacity and can be expected to decrease the risk of rerupture.
The effects of unloading on the transverse area of the callus were profound, and it had a huge impact on the mechanical parameters. In contrast, the effects of unloading were not large for the inflammation and matrix-related genes that we had chosen. This discrepancy was unexpected. However, the results appear to make sense, considering that the material properties of the tissue (peak stress and elastic modulus) were only little affected by loading. The mechanical results suggest that the main effect of loading during the first weeks of healing was to increase callus size. Gene expression by PCR describes the activity of the cell, related to control genes in the same cell. As we sampled the entire tendon callus within the gap, samples from loaded tendons were larger than samples from unloaded tendons. Thus loaded samples contained more cells, making more matrix, without a difference in transcription efficiency for matrix-related genes. Because of these findings, loading should perhaps be expected to upregulate growth-related genes, such 
NA means not analyzed. 1 means higher expression in loaded tendons compared with the unloaded; (P Ͻ 0.05). 2 means lower expression in the loaded tendons compared with unloaded (P Ͻ 0.05). *P ϭ 0.06 after correction for multiple testing. †P ϭ 0.1 after correction for multiple testing. COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; TGF-␤1, transforming growth factor-␤1; LOX, lysyl oxidase; COMP, cartilage oligomeric matrix protein.
as GDFs. We have previously seen that GDF-5 was upregulated by loading during tendon healing and also that follistatin, an inhibitor of other related growth factors, was downregulated (7). This time we only studied TGF, belonging to the same superfamily as the GDFs. However, other families are also likely to be involved, e.g., the IGFs.
This study analyzes the tissue that is formed in the gap between the stumps of a transected tendon. The entire tissue has been formed after transection, and its mechanical history and age at each time point were uniform. Also histologically, all parts of the callus tissue appear similar (31) . This makes gene expression pattern an appropriate tissue description. Moreover, because the mechanical properties of the callus are so inferior to the mature tendon, we can infer that the mechanical testing in essence describes only the tissue in the gap, where the failure occurred. Therefore, gene expression and mechanics describe the same tissue and can be compared and related. One could question if our choice of genes was relevant. However, if loading had an important effect on matrix-constituent production, at least some genes in our sample should have been influenced. It would be different with genes for signaling molecules: a single growth factor could perhaps make a difference for the entire callus.
In this study, we have addressed the effects of loading by comparing with unloaded specimens. This is an adequate approach to study effects of loading on healing tissues, since healing tissues are usually unloaded in the beginning of the healing. However, it might not be relevant for the effects of loading on intact tendons. Here, an increase of loading from a normal to a higher level might have different effects than an increase from unloading to normal. There are some other methodological issues. In studies where many genes are analyzed it is difficult to correct for multiple comparisons, partly because such studies mainly should be regarded as exploratory, but also because many genes are statistically dependent on each other, which makes correction for multiplicity too conservative. We have here tried to take a middle road, correcting for multiple time points, but not for different genes. However, some observations are quite clear-cut. For example, the higher expression of procollagen I in loaded samples at 21 days would be statistically significant with a t-test even if one makes a Bonferroni correction for all possible 52 comparisons. There is also an issue with the choice of housekeeping gene. Because 18S rRNA is a ribosomal component, its production is closely linked to the total RNA, and changes in the RNA production due to loading status or time could be hard to detect in this gene. However, no differences in the amount of total RNA per milligram of tissue were noted between different time points or loading status. Before we started this study, we also evaluated three different housekeeping genes (GAPDH, ␤-actin, and 3B64) from a similar experiment and found these genes to vary more than 18S. However, the reader should have the choice of housekeeping gene in mind when interpreting the results. Moreover, we have only measured mRNA levels, and it is quite possible that some of the studied mRNAs do not correlate with protein expression.
In conclusion, mechanical loading stimulates growth but does not improve tissue quality in healing tendons. In accordance, loading had little influence on the genes we selected, but it was noted that genes thought to be tendon specific were more expressed in loaded callus tissue. However, the main effect of loading during healing might be sought among growth stimulators.
